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Abstract 
Sorption enhanced - steam methane reforming (SE-SMR) is a promising process in the search for hydrogen and 
synthesis gas technologies that can help reduce the amount of greenhouse gas emissions, since it allows 
simple CO2 capture via temperature swing. The conventional models for fluidized bed reactors, such as the Kunii-
Levenspiel model, assume a stagnant, or pseudo-stagnant bed of solids. In this work, the one dimensional form of the 
governing twofluid equations are solved representing a step further in complexity. The model is reflecting is a 
compromise between accuracy and computational cost. This model is employed to achieve insight into the heat 
integration performance of a circulating fluidized bed reactor for the SE-SMR process, containing two riser units 
operated in the fast fluidization flow regime. The impact of the solid flux streams between the riser units on the inter-
riser heat transfer, the heat losses to the surroundings, and the addition of fresh sorbent make-up, are analyzed. 
Finally, the reactor heat budget is studied, and a few ideas are given in order to minimize the energy consumption. 
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There is growing concern about the effect that greenhouse gas emissions have on the environment. 
With anthropogenic sources of greenhouse gases increasing continuously as the world requirements for 
energy surge, it is indeed important to focus on researching carbon dioxide capture and sequestration. 
The steam methane reforming consists on the following three reactions [1]: 
CH4 + H2O   CO + 3H2  298K= -206.1 kJ/mol   (1) 
CO + H2O  CO2 + H2 298K= 41.15 kJ/mol   (2) 
CH4 + 2H2O   CO2 + 4H2 298K= -165 kJ/mol   (3) 
The SMR reactions have an equilibrium limitation that can be overcome with the addition of a solid 
particle that absorbs CO2, shifting the equilibrium towards more hydrogen production. Continuous 
operation is possible when the SMR is carried out in a circulating fluidized bed reactor, allowing 
regeneration of the sorbent particles. Cheap and abundant sorbents are available, such as limestone and 
dolomite. The sorption of CO2 with such calcium oxides is given by 
CO2 + CaO   CaCO3  298K= 178 kJ/mol   (4) 
These materials exhibit decay in their sorption capacity as they are cycled through carbonation and 
decarbonation [2]. Finding synthetic sorbents that do not see a decrease in their capacity as they are 
undergo cycling is currently an active field of research. In this work, natural sorbents are assumed and 
their capacity decay is taken into account.  
Aiming to obtain a better understanding of the capabilities, requirements and limitations of SE-SMR 
operating with natural sorbents in a circulating fluidized bed reactor (CFBR), this work assesses SE-SMR 
performance and heat integration throughout the CFBR while varying adiabaticity, solid streams between 
the units of the reactor and adding a fresh sorbent makeup. 
 
Nomenclature 
Latin letters 
Cpk   [J/kg K]    heat capacity at constant p 
dp  [m]    particle diameter 
d; d0   [m]    inner, outer reactor diameter 
Dk;i   [m2/s]    mass diffusion coefficient 
fk  [-]    wall friction coefficient 
G  [N/m2]    solids stress modulus 
h; hwall   [W/m2 K]    heat transfer coefficient 
Mi   [kg/mol]    molecular weight 
m    [-]    sorbent makeup ratio 
N   [-]    carbonation/decarbonation cycles 
pg   [Pa]    gas pressure 
rj   [kmol/m3 s]   reaction rate 
R   [J/mol K]    universal gas constant 
Tk   [K]    temperature 
p   [K]    temperature incoming solids 
Twall   [K]    temperature at reactor wall 
vk   [m/s]    velocity 
X; Xmax   [-]    sorbent conversion 
yi  [-]    mol fraction  
Greek letters 
  [-]    volume fraction 
  [kg/m3 s]    interfacial friction coefficient 
p   [kg/m3 s]    mass source due to coupling 
  [-]    efficiency / purity 
  [W/m2K]    thermal conductivity 
k effk   [kg/m s]    viscosity 
j;i   [-]    stoichiometric coefficient 
k   [kg/m3]    density 
k;i   [-]    mass fraction 
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p;i   [-]     mass fraction incoming solids 
Subscripts / Superscripts 
     species 
j      reaction 
k      phase 
g      gas 
p      solid 
ref      reformer 
reg      regenerator / calciner / decarbonator 
2. Model description 
2.1. System description 
The sorption-enhanced steam methane reforming process operates in a circulating fluidized bed reactor 
(CFBR). The CFBR consists of two units, a reformer unit where the SE-SMR reactions take place, and a 
calciner (sometimes called regenerator or decarbonator) where the CO2 is released from the sorbent 
particles.  In addition to these two units, cyclones are installed at the outlet of each unit to separate gases 
from solids.  Table 1 shows the main parameters of the system modeled. 
Table 1. Main parameters employed in the simulations 
Time step 5×10-4 s Unit height, both units 0.3 m 
Axial resolution 15 nodes Unit diameter, both units 0.05 m 
Particle diameter  Minimum fluidization bed height, both units 0.125 m 
Bulk density of fresh sorbent 1500 kg/m3 Reformer feed temperature 850 K / 577 °C 
Surroundings temperature 293 K / 20 °C Temperature of steam fed into the calciner 873 K / 600 °C 
Surroundings pressure 1 atm Calciner wall temperature 1200 K / 927 °C 
Catalyst to sorbent mass ratio 0.25 Wall thickness, both units 5 mm 
Steam to carbon molar ratio 5 Radiative absorptivity for the reformer wall 0.1 
Initial sorbent conversion, both units 0.2 Radiative emissivity for the reformer wall 0.1 
2.2. Model equations and constitutive relationships 
Table 2 shows the balances of mass, momentum, energy, and mass-based species for both the gas and 
the solid phases. The balance of momentum for each phase is the Reynolds-averaged Navier-Stokes 
equation for multiphase flows, with the Constant Particle Viscosity model for the viscous stresses. [3]  
Coupling between the units of the CFBR is introduced via the source terms present in the balances for 
energy and species in the solid phase. The governing equations are discretized by applying the Finite 
Volume Method over a staggered grid arrangement.  A list with the constitutive relationships employed in 
this work along with a validation of the hydrodynamics against experimental data from the literature can 
be found in the previous work of Sánchez et al. [4] 
2.3. Initial and boundary conditions 
Dirichlet boundary conditions were applied to all variables at the inlet of each unit, except for gas 
phase pressure. At the outlet, a Neumann kind of boundary condition was applied. For the gas phase 
pressure a Dirichlet type of boundary condition was imposed at the outlet of each unit.  
For the initial condition, minimum fluidization conditions were imposed for all variables. Given a 
particle diameter and density, minimum fluidization voidages can be obtained tabulated in the literature 
[5]. Once the voidage through the bed of solids and the gas composition are specified, the hydrostatic 
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pressure drop can be calculated as the initial condition for pressure. The ideal gas law is the closure 
employed to link gas phase pressure with gas phase density. 
Table 2: Governing Equations 
Mass balance for gas phase  
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2.3.1. Regulation of solid streams 
 
Given the complexity of multiphase reactive flows and minding the nonlinear nature of the drag forces 
between the gas and the solid phases, it is a complex matter to determine the inlet velocity for the gas 
phase that corresponds to a desired solid stream at the outlet of one of the units of the CFBR. Therefore a 
simple control loop was set for the gas phase inlet velocity, so that it increases when the solid stream is 
below a target stream and it decreases when the solid stream is above the desired value. The change in the 
inlet velocity is proportional to the difference between the current and the target value for the solid 
stream, in order to ensure a convergent evolution. 
2.3.2. Loss of heat to the surroundings 
 
A simple zero-dimensional heat loss model was set up for the reformer unit, in order to make the 
system more realistic than with an adiabatic condition. Appropriate relationships for heat transfer via 
radiation and natural convection were taken from Holman [6] and Churchill and Chu [7] respectively.  
2.4. Reaction kinetics 
Reliable kinetic data is of paramount importance for obtaining realistic simulations of sorption-
enhanced steam methane reforming. Kinetics for steam methane reforming are taken from the work of Xu 
and Froment [1]. Carbonation kinetics are taken from Sun et al. [8]. Decarbonation kinetics are from 
Okunev et al.[9]. Abanades et al. [2] obtained an expression for the sorbent capacity from a set of 
experimental values taken from the literature. Their result is employed in the present work to estimate the 
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maximum sorbent capacity as a function of the number of cycles of carbonation-decarbonation undergone 
by the sorbent particles.  
3. Results and discussion 
 
Figure 1: Temperature profiles in the reformer (left), reformer and reformer wall for non-adiabatic cases (center) and regenerator 
(right). The legend is as shown in Table 3, unless specified otherwise. 
 
 
Figure 2: Mass streams entering the regenerator (left) and the reformer (right) as a function of time. 
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A main purpose of this work is to determine the conditions under which SE-SMR performs best. For 
this aim three parameters have been selected, each of which will be modified to analyze its impact on the 
overall heat integration and SE-SMR process performance.  
The first parameter to be varied is adiabaticity. One case considers that the CFBR is thermally 
insulated from the surroundings, while another case incorporates a simple heat loss model for the 
reformer wall, which is allowed to lose heat through radiation and natural convection. 
The second parameter chosen to study is the target solid stream exchanged between the units of the 
CFBR. Two values are specified, 1/250 and 1/500 of the total mass of solids in the CFBR per second.  
The last parameter is fresh sorbent makeup. Two cases are analyzed: one case with no addition of fresh 
sorbent. In the other case 5% of the mass of solids exchanged from the reformer to the calciner is replaced 
with fully carbonated fresh sorbent, minding that the number of moles of Ca-species in the CFBR remain 
constant. The fresh sorbent particles enter the regenerator unit fully carbonated and at the temperature of 
the surroundings. 
Three parameters with two cases each produce a total of eight simulation cases. Table 3 presents the 
labels employed to refer to each of the simulation cases in the following sections and subsections of this 
article. 
Table 3 Labeling of simulation cases according to adiabaticity, solid streams and sorbent makeup. 
Case label Adiabatic Solid streams Sorbent makeup Legend 
000 Yes m0/250 Yes 
 
001 Yes m0/250 No 
010 Yes m0/500 Yes 
011 Yes m0/500 No 
100 No m0/250 Yes 
101 No m0/250 No 
110 No m0/500 Yes 
111 No m0/500 No 
 
 
Figure 3: Performance indicators. Carbon dioxide capture efficiency (left) and methane conversion (right) as a function of time. 
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Figure 1 shows the temperature in the reformer (left), the temperature in the reformer and the 
temperature of the reformer wall for the non-adiabatic cases (center) and the temperature in the 
regenerator (right). The temperatures are weighted averages for the solid phase.  
The graph for the temperature in the reformer, Figure 1 (left) shows clearly the influence of the losses 
through the wall, with the adiabatic cases having larger temperatures than any of their non-adiabatic 
counterparts. The center of Figure 1 shows that in all the non-adiabatic cases the wall temperature follows 
the temperature in the bed, some 15 K below it. 
It can be seen that the temperature in the regenerator is sensitive to the solid streams, with the cases 
with large solid streams having a lower temperature. The adiabatic cases exhibit higher temperatures, as 
well as the cases with no sorbent makeup. 
Figure 2 shows the solid streams between units. The pattern is clear, with two groups of curves 
corresponding to the cases with m0/500 and m0/250. The overlapping is not exact since the response in the 
inlet gas velocity is not instantaneous. 
Figure 3 shows two parameters that measure the performance of the system: CO2 capture efficiency 
and CH4 conversion. They can be defined as 
y yCO CH2 4outlet outlet1 ; 1CO CH2 4
y y yCH CH CH4 4 4inlet outlet inlet
 
2. This can be explained bearing in mind 
that the temperature in the reformer has increased almost 100 degrees above its initial temperature. As the 
temperature increases, the system approaches the equilibrium temperature for reaction (4) and 
4, since high temperatures favor SMR 
reactions. 
 
 
Figure 4: Sorbent conversion in the reformer (left), the regenerator (right) and the difference between them (right). 
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Figure 5: Molar ratio between the incoming streams of calcium oxide and methane in the reformer (left) and the molar ratio between 
the incoming streams of the maximum calcium oxide available for sorption and methane in the reformer (right). 
Accordingly, cases 110 and 111 present temperatures in the reformer below the initial condition and 
4 conversion, but a high 2. It can be concluded that when the temperature goes below 
4 conversion drops to values around 0.9. Similarly, when the temperature rises beyond ~930 
2 falls to 0.9 and below. The optimal range of temperatures for SE-SMR 
2 4 is thus 830  930 K. 
Figure 4 shows from left to right the sorbent conversion to carbonated species in the reformer, the 
regenerator, and the difference in conversion between them. A pattern can be recognized where the cases 
with larger solid streams have a smaller conversion between units. Given that the temperature in the 
regenerator unit is not falling much below its initial condition, it can be said that the regenerator unit is 
well dimensioned since it is able to provide enough heat to drive the decarbonation reaction.  
Figure 5 shows that in all cases simulated the CaO to CH4 ratio is above unity. However, a closer look 
reveals that the ratio of CaO available to CH4 is continuously decreasing due to sorbent cycling. For the 
cases with makeup, the average number of cycles of the sorbent particles in the CFBR can be expressed 
as: 
(1 )dN nmN m n
dt
 
where N is the average number of cycles of the particles, n  is the number of moles of Ca-species 
leaving the reformer per unit time, and m is the fraction of n  replaced with fresh sorbent, i.e. the makeup 
ratio. In the simulations it is used m=0.05, thus it is found that a dynamic steady state could be reached 
with the particles having an average number of cycles given by 
1 19mN
m
 
Since the solid streams are such that the whole inventory of solids undergoes a cycle every 250 or 500 
seconds, for the simulations to reach the final sorbent age a characteristic time for the simulations would 
be 19*250=1.3 hours of simulation. This is computationally expensive given the state of the art of 
computing. 
After 19 cycles, the maximum sorbent capacity will have fallen to [2] 
1
max 0.782 0.174 0.181
NX  
The choice of m=0.05 would thus require large solid streams in order to provide enough sorption 
capacity. If the maximum sorbent capacity Xmax were required to be 0.5, for example, the average age of 
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the particles N would be 3.55. Therefore the makeup ratio would be m=0.22, increasing the amount of 
heating required to heat up the fresh sorbent to the operating conditions in the regenerator unit.  
 
Figure 6: Energy spent per mol of hydrogen produced (left) and breakup of energy expenditure for the case 100, the case with the 
largest energy requirements (right). 
Figure 6 shows the amount of energy spent per mol of hydrogen produced, as well as a break-up of the 
energy expenditures for the case with the most energy requirements, case 100. The minimum energy per 
mol of hydrogen required for reaction (3) is 46 kJ/mol at 850K, obtained from the literature [2]. It can be 
deduced that the system spends many times that amount, which is reasonable since not only the reforming 
is endothermic but the heating of the feeds and losses to the surroundings have been taking into account. 
Figure 6 shows that heating up the feeds consumes many times more energy than the enthalpy lost in the 
exhausted sorbent. 
4. Conclusion and future work 
Heat integration and process performance have been analyzed while varying adiabaticity, solid streams 
between the units of the CFBR and sorbent makeup. The model presented is an improvement from 
models like the Kunii-Levenspiel model that assumes stagnant solids. Yet there is a trade-off between 
accuracy and computational requirements. 
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The cases with losses to the surroundings are more realistic and have in common lower reformer 
temperature, somewhat lower regenerator temperature and lower CH4 conversion. Since the heat transfer 
will depend strongly upon the particular geometry of each system, the results obtained in this work 
illustrate a general trend, yet the actual impact can only be assessed with accurate data from the thermal 
properties of each system. 
The cases with larger solid streams present smaller differences in sorbent conversion and temperature 
between the units of the reactor.  
The cases with sorbent makeup exhibit slightly lower regenerator temperature and sorbent conversion. 
Case 101 is the case with the highest methane conversion among the adiabatic simulations, and has 
arguably the best selection of parameters.  It is yet to be discovered whether its solid stream can provide 
enough CaO once the average age of the sorbent particles increases over time. 
The range of temperatures 830-930 K was found out to be the optimal for SE-SMR. Longer simulation 
times are needed to get a better insight into the sorbent depletion effects. 
The energy spent on preheating the feeds was one of the biggest energy expenses. It is thus predicted 
that using a heat exchanger to pre heat the feeds with the product gases would significantly reduce the 
energy requirements. For the sorbent makeup selected , m=0.05, the energy carried in the spent solids 
does not constitute a big fraction of the overall energy requirements, but at larger makeup ratios the 
installation of a heat exchanger to preheat the fresh sorbent with the spent sorbent could help reduce the 
overall energy requirements. The losses to the surroundings accounted for a large fraction of the energy 
expenses, thus good insulation is recommended.  
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